The concept to design a composite of the 7475 alloy strengthened with particles of an amorphous aluminum based alloy was studied in the present paper. Mechanical alloying (MA) process was applied to obtain amorphous structure of the powder of composition Al 70 Ni 10 Zr 10 Ti 10 (in at%). Elemental powders of this composition were ball milled for 60 h in a planetary high energy mill using steel balls. The estimated mean size of powder particles below 10 mm was much smaller than that of the initial elemental powders. The mean value of the microhardness of the milled powder was 384 HV and was significantly higher than that of initial powders. The dominant presence of the amorphous structure was confirmed using DSC studies, in which crystallization peaks were observed above 400 C. X-ray diffraction (XRD) patterns after various milling times confirmed a partial amorphization of the material. Additionally, weak maxima of Al 3 Zr 4 phase were identified. TEM studies of powders confirmed the formation of predominantly amorphous structure with some nanocrystalline inclusions of intermetallic phases identified as Al 3 Zr 4 , AlZr 3 , Al 3 Ni and Al 3 Ti. The amorphous powder was mixed (for a short time) with prealloyed 7475 alloy powder 40 h ball milled to obtain nanocrystalline grain size of powder's particles. Powders were hot pressed in vacuum, below the crystallization temperature at 380 C and pressure of 600 MPa in order to preserve amorphous and nanocrystalline grain structure. SEM studies of the composite containing 1/3 ball milled 7475 alloy and 2/3 of the amorphous powder allowed identifying low porosity and clean interface within the composite. The samples showed compression strength near 500 MPa and a few percent ductility. The cracks nucleated within the amorphous particles as resulted from SEM studies of the compressed samples.
Introduction
Aluminum alloys in an amorphous or glassy state can reveal two to three times greater strength than these processed through precipitation/age-hardening of crystalline Al-alloys. 1, 2) The formation of an amorphous single phase in Al-based alloys containing more than 50 at% Al was observed for the first time in 1981 in Al-Fe-B and Al-Co-B ternary alloys. 1) However, these amorphous alloys were extremely brittle and hence did not attract much attention. However, Kawamura et al. 3) have later attained a bulk compressive strength of 1420 MPa by a hot compaction of gas-atomized amorphous Al85Ni5Y8Co2 powder with a nanocrystalline dispersed amorphous matrix. The mechanical alloying (MA) in a high-energy ball mill is a convenient solid-state synthesis alternative to melt spinning, gas atomization and similar rapid quenching techniques to produce a wide range of novel materials including nanocrystalline or amorphous products. 4) The mechanically alloyed amorphous Al80Ni10Ti10 powders mixed with a predetermined proportion of elemental Al was successfully consolidated into composite sheets by cold compaction and rolling. Hardness of these composite sheets showed significant improvement at 5-20 mass% amorphous Al80Ni10Ti10 phase in the composite.
5) The hardness of the amorphous Al-Re-Ni alloy can increase with the introduction of -Al nano-dispersoids. 6) The nanocrystalline/amorphous matrix composite based on an amorphous AlFeGd alloy formed by cold rolling exhibits smooth plastic flow due to the preferential propagation of shear bands. 7) High strength Al-based alloys can be obtained also by devitrification and consolidation of partially amorphous gas atomized Al-Y-Ni-Co powders, 8) in which the compression strength of 900 MPa combined with a good ductility was obtained. Another concept of the preparation of aluminum alloy based composites was proposed using an iron based metallic glass particles as the reinforcement.
9)
The sintering temperature was chosen below the glass transition to preserve the amorphous structure and a considerable increase of yield strength was obtained.
In the present study a similar concept of composite reinforcement was used, however a higher strength 7475 alloy was applied as a composite matrix and a light weight amorphous material based on aluminum was developed without the significant increase of density of the composite.
Experimental Procedure
The ball milling process of Al70Zr10Ti10Ni10 alloys (numbers indicate at%) was performed in a planetary mill ''Pulverisette 5'' at 200 rpm in an argon atmosphere. High purity elemental powders (! 99;9%) were handled in a glove box under a purified argon atmosphere with the addition of 1% of toluene as a process controlling agent. The 15 min milling using 8 mm steel balls and the ball to powder weight ratio of 10 : 1, was followed by 45 min pause for cooling down to avoid the overheating of powders. The elemental powders were initially blended to the required compositions and then subjected to ball milling. The powder was milled for 60 h until it showed the majority of the amorphous phase, then it was mixed (for a short time) with 40 h milled 7475 aluminum alloy powder in proportion 2 : 1. The composites were obtained by uniaxial hot pressing of powder mixtures under vacuum of 10 À2 bar at the pressure of 600 MPa at temperature of 380 C for 10 minutes. Thermal effects were studied using Du-Pont Q910 thermal analyzer. Structure was studied using HRTEM (Tecnai G2F20 S-Twin), SEM Philips XL 30 and X-ray diffractometer PHILIPS PW 1840. Thin foils from composite for TEM were obtained using twin jet
The Japan Institute of Metals electropolishing using Struers instrument, while those of powders immersed in epoxy resin were cut in slices using Leica EM UC6 microtome. Figure 1 shows a set of X-ray diffraction curves obtained after 60 h of ball milling of the alloy Al70Ni10Ti10Zr10. One can see, that with increasing milling time, broadening of reflections from elemental powders occurred. After 20 h of milling already a relatively broad halo from the amorphous phase formed and even after the longest milling for 60 h some peaks, particularly near the halo remained of the crystalline phase. The peaks did not fit into the positions of the elemental powders; the best fit was obtained for the Al 3 Zr 4 phase, which formed most probably from elemental powders. The microhardness measurements of the milled powder revealed high hardness of 384 HV, therefore the powder was chosen as the strengthening phase for the composite based on the 7475 powder. Figure 2 (a) shows a TEM micrograph from the milled powder. A grey contrast with some darker inclusions of size of a few nanometers, typical for the amorphous phase with some crystalline inclusions can be seen. The stripes are typical for a ball milled material and result from multiple deformation and welding of particles. The Selected Area Electron Diffraction Pattern (SAEDP) confirms this observation ( Fig. 2(b) ). In spite of a broad diffused hallow one can see also weak rings coming from crystalline phases, visible as dark. There are only a few rings, therefore it was difficult to attribute a particular phase to the diffraction rings. Some rings fit Al The amorphization of powders during milling was additionally confirmed using DSC studies as shown in Fig. 3 . One can see there at measurements performed at a heating rate of 30 K/min crystallization peak with maximum at 512 C, however some smaller peaks appear already near 340 C. They might result from other crystallizing phases or from relaxation of powder.
Results and Discussion
The powder was mixed with prealloyed 7475 powder milled for 40 h to refine the grain size in order to obtain a nanocomposite + amorphous phase powder. TEM studies revealed significant refinement of the grain size down to several nm after 40 h of milling. The powders were mixed together in a weight proportion 1/3 of 7475 powder and 2/3 of amorphous AlNiTiZr powder, basing on the results of the previous papers, which reported that nanocrystalline phase improved strength and ductility of the amorphous materials. [4] [5] [6] [7] [8] Figure 4 shows a Scanning Electron Microscope (SEM) micrograph from the hot pressed composite. In spite of a smaller amount of 7475 alloy it seems that it forms a matrix, probably due to better plasticity and a hot pressing it joins the hard amorphous grains and forms a solid composite. There is a tendency to the agglomeration of amorphous powder particles, which may have a negative effect on mechanical properties as suggested. however in a few places some precipitates can be seen, which might form as a result of reaction between both components. The grains of 7475 alloy grew up to the size of a few hundreds of nm. The SAEDP from the amorphous part indicates better developed diffraction rings from the crystalline inclusions as the consequence of crystalline phase growth. The similar phases can be identified basing on the lattice distances of strong reflections as in the milled powders, in which better fit was obtained for the Al 3 Ti while the AlTi 3 and AlZr 3 phases were not identified. This fact indicates that diffusion occurring during the hot pressing caused the transformation of existing phases Al rich ones. Figure 6 shows a High Angle Annular Dark Field (HAADF) micrograph of both component interface in the composite. Due to ''Z'' type contrast, particles of the intermetallic phases visible as brighter areas due to higher content of heavier elements can be better seen. A preferential growth of particles at the interface what might introduce stress occurrence and cause some brittleness of composites. In the area marked by squares 1 and 2, the EDS analysis was performed and is given in Table 1 . One can see that ''area 1'' corresponds to the average composition of the amorphous/nanocrystalline AlNiTiZr alloy, while the ''area 2'' to that of 7475 alloy. At the interface some larger crystals can be seen, which can also be distinguished in the Fig. 5 often correspond to Ni-Al or Ni-Zr intermetallic phases. It indicates that at the interface the diffusion conditions are such that intermetallic phases grow larger there than within the powder particles. Figure 7 shows a compression curve obtained from the composite prepared by hot pressing from ball milled powders in the proportion 1/3 7475 alloy + 2/3 amorphous/nanocrystalline AlNiTiZr. The compression strength was near 500 MPa and connected with a low ductility of less than 2%, which was lower than expected 8, 9) most probably due to brittle amorphous part and excessive growth of intermetallic phases. To confirm this suggestion SEM micrographs were taken of the compression tested specimens. Figure 8 shows a SEM micrograph of the composite specimen after the compression test. It is visible how the crack propagates through the amorphous part of the composite and avoids a 7475 fine grained part of the composite. It is rather astonishing that the fracture does not propagate also through the interfaces. It seems that the composite needs less amorphous phase to avoid crack propagation and possibly a lower temperature of hot pressing to avoid excessive growth of the intermetallic phases. Nevertheless, the direction of designing the composite with participation of amorphous phases seems to be perspective as also stated in other works. 8, 9) 4. Conclusions Aluminum Alloy Based Nanocomposites Strengthened with Amorphous AlNiTiZr Phase 307 using DSC studies, in which a strong crystallization peak with maximum at 512 C was observed. However, some smaller peaks appear already near 340 C. (2) Hot pressing in vacuum at 380 C at pressure of 600 MPa of composites containing 1/3 of the ball milled 7475 alloy and 2/3 of Al70Ni10Ti10Zr10 one results in a low porosity composite, with larger particles of intermetallic phases within the amorphous part and of the compression strength of only 500 MPa.
